1 Comparison of 10% CO 2 -N 2 and 5% CH 4 -Ar gas mixture as a make-up of gas chromatography with electron capture detection (GC-ECD) for the measurement of sulfur hexafluoride (SF 6 ) was investigated. It was found that 10% CO 2 -N 2 shows the make-up characteristic comparable to 5% CH 4 -Ar. Thus, 10% CO 2 -N 2 is considerable as an alternative to 5% CH 4 -Ar.
Introduction
Sulfur hexafluoride (SF 6 ) is a long live greenhouse gas having atmospheric lifetimes of about 3200 years [1] . SF 6 has very high global warming potentials (GWPs) with 23,900 times higher than that of CO 2 ; thus, SF 6 plays important role in climate forcing [2] . SF 6 rises the temperature of earth because of its ability to trap the heat in atmosphere by which the other greenhouse gas (such as CH 4 , CO 2 , N 2 O) can do so. In general, the presence of greenhouse gases in the atmosphere will affect the earth's climate.
Unlike other greenhouse gases, atmospheric SF 6 is predominantly of anthropogenic origin [3] , making SF 6 does not naturally exist in significant concentrations in the atmosphere [4] . The important anthropogenic source of SF 6 emission, in particular, is the use of SF 6 as dielectric and insulating in electric power industry [5] . Besides, SF 6 is also used as a cover gas to protect molten magnesium in magnesium metal production and casting industry [6] .
Since the industrial revolution (1750 AD), the atmospheric level of SF 6 has increased from near zero to about 6.8 pmol·mol -1 in 2009 [7] . Taking into account the anthropogenic nature of SF 6 , the release of SF 6 into atmosphere is probably at low concentration but its contribution to the earth's climate is significant. Because of this, importance has been placed on raising awareness to continue measurement of atmospheric SF 6 , by which the measurement data obtained can give meaningful information to track its emission trends and help in the fight against climate change [8] .
In the area of SF 6 measurement, several analytical techniques with reliable procedure have been exploited such as those based on gas chromatography (GC) with an electron capture [9] , thermal conductivity [10] , mass selective detections [4] , and atomic emission [10] . Besides spectroscopic technique equipped with infrared detection has also been reported [11] . Up-to-date, however, among all of those quantitative techniques for the measurement of SF 6 in atmospheric sample, the GC equipped with electron capture detector (GC-ECD) stand out and is in worldwide use, employing a low range of detectability [7] . A pretty detectability property of GC-ECD of SF 6 is due to its high molecular electronegativity, allowing an exceptional detection sensitivity and quantification at trace level [4] .
In modern chromatography, it is an acceptable idea that a detector development is designated for achieving an optimum performance. In this regards, additional make-up gas before effluent entering the chromatography detector has been widely proven as one of remarkable processes. Nowadays, especially GC-ECD technique, ultra high purity N 2 and 5% CH 4 -Ar gas mixture are the two typical gases that are suitable and sufficient to be used as makeup gases in GC equipped with ECD [12] . However, the concentration of target analyte expected is the main factor to be considered in choosing between those two make-up gases. For example, Ussiri et al. [13] measured anthropogenic N 2 O from wetlands sample using GC-ECD. They found N 2 to be a crucial disadvantage for ECD in practice, which restricts its application where ECD could not detect low concentration of N 2 O. On the other hand, a possible N 2 O detection at the low atmospheric concentration could be achieved by replacing N 2 with 5% CH 4 -Ar mixture. As in the most common cases, the addition of a make-up gas is essential to GC operation by adding it into a carrier gas to produce optimum detector response and stability.
In the last decade, study on the development of accurate GC-ECD measurement in term of the use of a new type of make-up gas has been reported by Wang et al. [14] . Their results indicated that CO 2 -N 2 mixture, as a new type of GC-ECD make-up gas, was comparable to that of 5% CH 4 -Ar mixture for N 2 O measurement. Recently, Zhang et al. [15] reported that the use of CO 2 -N 2 mixture as an ECD make-up gas could significantly improve the N 2 O signal by 4-fold higher than that of high purity grade of N 2 make-up gas. Regardless improving the accuracy of GC-ECD for N 2 O measurement, the use of CO 2 -N 2 mixture is tremendous potential as safer and more economical make-up gas than that of 5% CH 4 -Ar mixture.
Although CO 2 -N 2 mixture has already been used in studies to achieve highly sensitive and accurate GC-ECD make-up gas for N 2 O measurement [14, 15] , the application of CO 2 -N 2 mixture as the make-up gas for the measurement of SF 6 using GC-ECD has not yet been studied. On the other hand, nowadays, GC-ECD has been used to measure SF 6 but it has only limited application on the use of 5% CH 4 -Ar mixture as the make-up gas [9] . This paper investigates the potential use of the CO 2 -N 2 mixture as an alternative make-up gas to 5% CH 4 -Ar mixture for the SF 6 measurement using GC-ECD. The investigations were conducted by comparing those two make-up gases in term of their contribution in affecting the system suitability, precision, accuracy, and linearity as well as limit of detection and quantification (LoD and LoQ) of the GC-ECD analytical method for the measurement of SF 6 at nmol·mol -1 (equal to part per billion) level.
Experimental

Preparation of Compressed Gases
Make-up gases
The make-up gases for this comparison study were 10% mol·mol -1 CO 2 in nitrogen (herein after referred to as "CON") and 5% mol·mol -1 CH 4 in argon (herein after referred to as "CAR"). The compressed CON make-up gas (698 kPa) was in house laboratory prepared by a gravimetric method [16] . CON was prepared in a 10 l of clean and well-evacuated aluminum cylinder with a brass valve. In a typical procedure, the evacuated cylinder was first weighed on an analytical balances (Mettler Toledo, 0.1 g readability) and then with the added of 128 g of an ultra-high purity CO 2 (99.999 %, Air Liquid Indonesia). Following the addition of CO 2 , 725 g of ultra-high purity N 2 (99.999 %, Air Liquid Indonesia) was added into the cylinder, giving a final compressed CON having concentration of 10% CO 2 in N 2 . The compressed makeup gas CAR was customary purchased from a specialty gases company (Air Liquid Indonesia).
Gas standards
A secondary standard of SF 6 (10 µmol·mol -1 ) in He was purchased from a specialty gases company (Sarana Indotim Imex, Indonesia). Secondary gas standard is referred to a gas standard that is related to primary standard through analysis. This SF 6 secondary gas standard was used as parent standard to prepare subµmol·mol -1 level of SF 6 standard by a gravimetric method [16] , giving a final value of 999.46 nmol·mol -1 .
Gas mixture sample
In this study, the gas mixture sample is referred to a compressed gas mixture in a 2.5 aluminum cylinder that was prepared from ultra-high purity gases target by a gravimetric method [16] . The cylinder of gas mixture sample contains not only SF 6 ) with He as a gas balance.
Instrumentation and Operating Conditions
GC-ECD
The measurement of SF 6 was conducted on an Agilent 7890B GC system equipped with an electron capture detector (ECD, Agilent Technologies, Santa Clara, CA) under operating conditions as listed in Table 1 . Separation of SF 6 was achieved using Hayesep Q packed columns (HQ 1.2 m, 3.2 mm OD, UM, Agilent Technology G3591-82519, pre-column) and a Hayesep R packed column (HR 1.8 m, 3.2 mm OD, Agilent Technology, G3591-82102, main column). The carrier gas was purified before entering the column using a hydrocarbon filter (activated charcoal, Agilent Technology, USA).
GC-TCD
The measurement of gas component in their mixture sample was performed using an Agilent 7890B GC system equipped with a single stage dual-packed column for separating the target gas component (CO, CO 2 , CH 4 , O 2 and N 2 ) from their mixture. In such dualpacked column, a packed J&W porapack Q column (1.8 m x 3.2 mm o.d. x 2 mm, 80-100 mesh particle size) was connected in series to a packed J&W molsieve 5A column (2.7 m x 3.2 mm o.d. x 2 mm, 80-100 mesh particle size. The detection of gas component was performed by using thermal conductivity detector (TCD). The GC-TCD operating conditions under study were tabulated in Table 1 .
Procedures
GC-ECD measurement
For introducing both gas standard and gas mixture sample from aluminum cylinder into the GC system, a Brooks 5890E mass flow controller (Brooks Instrument, Hatfield, USA) was used in order to maintain the gas rate at constant flow (100 ml·min -1 ). The mass flow controller system was installed just before the injection system consisted of a stainless steel tubing having 1/16 inch in diameters up to the loop inlet, a 1 ml stainless steel loop (Agilent, CA, USA). The measurement process was conducted under GC parameter as listed in Table 1 . The output signal was monitored using installed software (OpenLAB CDS Chemstation Edition Rev. C.01.0727, Agilent Technology, USA), on a HP personal computer (HP ProDesk 490 G2 MT, Hewlett-Packard Company). The measurement data was estimated by automated integration of the area under the resolved chromatographic profile.
GC-TCD measurement
The gas mixture sample was introduced into GC using a similar procedure as in above GC-ECD measurement. The measurement was carried out under operating parameters as tabulated in Table 1 . The output signal was monitored by HP personal computer (HP Pavilion Slimline 400 PC series, Hewlett-Packard Company) using an installed software (OpenLAB CDS Chemstation version A.2.3.57). An automated integration of the area under the resolved chromatographic profile was used to estimate the measurement data.
Comparison procedure
In the comparison process, the work was conducted by evaluating the influence of both make-up gases (CON and CAR) on the measurement method parameters including a system suitability, precision, accuracy, and linearity as well as limit of detection and quantification (LoD and LoQ). All data obtained from the SF 6 measurement by using each type of make-up gas were evaluated and the results were compared.
System suitability was evaluated by injecting five replications of the SF 6 standard into the GC-ECD. Profile of generated chromatogram of SF 6 was then evaluated based on the system suitability criteria including retention time (t R ), peak area, peak height, response factor (RF) and peak asymmetric factor (A s ).
Precision of the measurement method was evaluated in term of repeatability (intra-day precision) and reproducibility (inter-day or intermediate precision) [17] . Repeatability of the method was established by measuring the response of the SF 6 gas standard and expressed as a percentage relative standard deviation (%RSD) from five measurement replications. The %RSD is calculated by means of the following expression Eq. (1) [18] :
where y i is an individual measurement datum expressed as a peak area, y is the mean of the peak area value of five repeated injections, and n is the number of injection replication. The repeatability of the method is categorized acceptable if the %RSD value is less than 0.67 of the coefficient of variability Horwitz (CV-Horwitz) [19] . The CV-Horwitz is a predicted RSD value and it was obtained by using the following Horwitz function Eq. (2) [20] . The lower %RSD value is ascribable to the better measurement repeatability. Moreover, the measurement precision in term of reproducibility was determined by a similar procedure to that of repeatability except the time interval 60 days was used instead of the same day. The acceptance criteria were set up where the %RSD value is below the CV-Horwitz value. In addition, the assessment of reproducibility was also conducted by setting up a control limit chart. Generally, the chart of control limit chart has five lines which is consisting of one average line (AL), two warning limit (WL) lines, and two control limit (CL) lines. AL represents the mean of the control values. Two WL lines are located at a distance of ± two times the standard deviation (SD) from the AL line (AL ± 2SD), while two CL lines are located at a distance of ± three times SD from AL (AL ± 3SD) [21] .
In analytical measurement, accuracy values are dependent on two factors including bias and precision [19] . Measurement bias refers to the difference between the measured value and the value from standard certificate. The bias (∆) of the GC-ECD method was calculated using Eq. (3) . AB ∆=− (3) where Ā and B are the average of measured value and the value from the certificate of SF 6 being measured, respectively.
Moreover, for the assessment of the method precision (σ), the values of repeatability, reproducibility, and uncertainty value from the certificate of reference standard are included. Thus, the value of σ is obtained by combining those three components, giving the following expression Eq. (4) [22] .
where SD b 2 is the standard deviation (SD) from reproducibility; SD w 2 is SD from repeatability precision, and µ RM 2 is the uncertainty of the SF 6 standard stated in the certificate.
The acceptance criteria are set according to the ISO Guide 33:2000 "Uses of certified reference materials" [23] , where no bias of the method is found if the observed bias of the method falls within ±2σ at 95% confidence level (Eq. (5)).
-2σ < ∆ < +2σ (5) Linearity of the measurement method was assessed by using a calibration curve of a series concentration range of expected analyte [24] . In this study, nine different SF 6 gas standards with known concentration, ranging from 6.65 to 284.79 nmol·mol -1 were used. These nine different SF 6 gas standards were prepared from 999.46 µmol·mol -1 of SF 6 as a parent standard by a dynamic dilution method using a calibration dilution system (Model CMK, MCZ GmbH, Germany). The calibration curve was constructed by plotting peak area of the SF 6 gas standard as a function of their corresponding concentration. The equations of the calibration lines were calculated by linear regression and the corresponding equation is given by y = bx + c, where y is the peak areas values of SF 6 , x is the concentration of SF 6 , b is the slope and c is the intercept. LoD and LoQ were established at a signal-to-noise ratio (S/N) of 3 and 10, respectively [25, 26] . Response factor (RF) was obtained experimentally by dividing the area of spectral peaks of measured SF 6 with its corresponding concentration [27] .
Results and Discussion
In this study, effectiveness in the use of CON as a make-up gas alternative to CAR was assessed based on their contribution in affecting the system suitability, precision, accuracy, linearity, and limit of detection and quantification (LoD and LoQ) of the analytical method for the measurement of SF 6 at sub-µmol·mol -1 level.
System Suitability
A system suitability test is an integral part in any measurement study using a gas chromatography method with the purpose to verify that the gas chromatographic system is adequate for the intended measurement. The system suitability tests are extremely valuable and have been accepted in wide application of gas chromatography method because reliable obtained results are based on a wide range of specific parameters [28] . In this study, the GC system suitability was conducted by injecting five replicates of the SF 6 standard (159.2 nmol·mol -1 ) under the same operating condition except for the type of makeup gas (CON and CAR make-up gas were used). The obtained chromatograms were evaluated using the following criteria including confirmation identity, retention time, peak area, peak height, response factor and peak asymmetry factor. In general, for detecting trace gases using GC, the characteristics of the carrier gas used for the separation and the gas used for detection may be significantly affect the result of measurement. Because the SF 6 standard was measured using different make-up gases, therefore, the ability of those make-up gases to influence the system suitability test parameters were evaluated and the results were compared. Fig. 1 shows the comparative chromatograms of SF 6 obtained by measuring using GC-ECD with the same operating conditions but different in make-up gas used. From Fig. 1 , it was clearly seen that the type of make-up can influence the identity of the chromatogram, especially in term of the chromatogram baseline. The lowest baseline of the GC response was obtained when CAR was used as the make-up gas (b), while CON make-up significantly increased the baseline of the GC response (a). The chromatogram of the SF 6 standard obtained without makeup gas is also included in the inset of Fig. 1 for comparison only, showing its highest baseline of the GC response with the SF 6 chromatogram having a great peak tailing (uppermost line in the inset of Fig. 1 ). The result implies that the addition make-up gas is essential to the GC operation leading to effect the detector response [13, 29] . Table 2 tabulates other GC parameters for a system suitability test. Data in Table 2 display that the system suitability used in this study is great because all evaluated parameters have the RSD values less than 1.0 %. The retention time of the SF 6 standard was very consistence from run to run (RSD = 0.02 %, n = 5) for both CON and CAR are equivalent. Consistency of the retention time obtained indicates that the GC system was free from some factors affecting the measurement such as a column temperature, carrier gas flow rate, and column contamination [29, 30] . Good consistency in term of the peak area obtained under both make-up gases was also attained which are characterized by low RSD values for the SF 6 standard measurement. Although a slightly lower consistency of the obtained peak area using CON makeup gas (RSD = 0.34 %, n = 5) than CAR make-up (RSD = 0.15 %, n = 5) is observed ( Table 2 ). This good peak area consistency from injection to injection was probably due to a good stability of the GC operating condition during analysis. On the other hand, instability of GC operating parameters (such as oven temperature, flow rate of carrier gas and detector temperature) may cause higher %RSD due to the inconsistency of the obtained peak area [29, 31] .
In addition, an optimal consistency was obtained for the peak height of the SF 6 standard (Table 2) , giving %RSD values of 0.19 % (n = 5) and 0.15 % (n = 5) for CON and CAR make-up gas, respectively. Good repeatability of the sample injection could be the reason of this phenomenon [29] . However, the influence of the make-up gas type was clearly found and differs between the two make-up gases where the peak height of SF 6 from CON was higher than that of CAR make-up gas, indicating that the ECD detector was more responsive to CON than CAR make-up gas. Likewise, the calculated response factor from CON (RSD = 0.28 %, n = 5) makeup gas was greater than the corresponding response factor from CAR (RSD = 0.19 %, n = 5). Theoretically, a response factor is the ratio between the concentration of an analyte being analyzed and the detector response to that analyte [32] , meaning that the increase in the peak area of SF 6 would increase its response factor. As it can be seen in Table 2 , at the same concentration of SF 6 , the obtained peak area of SF 6 using CON (13714.34) is higher than that of CAR make-up gas (9984.72). The higher of obtained peak area using CON would give a higher response factor (85.81) in comparison to that of CAR make-up gas (62.48) and vice versa. Table 2 GC parameter for suitability tests of the method for the SF 6 measurement using different make-up gases Moreover, peak asymmetry factors of the obtained chromatogram for both make-up gases were found identical from injection to injection, giving low %RSD values ( Table 2 ). The peak asymmetry factor of SF 6 chromatogram under CON make-up gas was found to be 1.26 (RSD = 0.54 %, n = 5), that is higher than that of under CAR make-up gas with the obtained value of 1.18 (RSD = 0.37 %, n = 5). From this system suitability study, one can be noticed that the characteristics of the make-up gas used for detection significantly influence the profile of the SF 6 chromatogram profiles (system suitability).
Precision
For the GC method the measurement precision is one of the critical important parameters to be determined. The precision is the measure of closeness of analyte concentrations to each other when the measurements are conducted under identical conditions (the same method, same sample, same laboratory condition, and the same operator) over a certain period of time [33] [34] [35] . In the area of GC measurement for any kind of matrix (liquid and gas), the measurement precision is commonly evaluated in term of repeatability (intra-day precision) and reproducibility (inter-day or intermediate precision) [30, 35] .
For repeatability (intra-day precision), the investigation was conducted to assess the closeness between measured values of a number of measurements for a short time period (the same day) [36] . The repeatability for measurement method was verified by injecting the five replicate injections of the SF 6 standard for each concentration level. The repeatability was then predicted by using the %RSD that is theoretically calculated using Horwitz function (Eq. 2) and the results are displayed in Fig. 2 . As it can be seen in Fig. 2 , the %RSD of the repeatability for both CON (a) and CAR (b) shows an overall gradual decrease as the SF 6 concentration increased. This finding indicates that repeatability performance of the method for measuring the sample would be higher as the concentration of SF 6 standards increased. In a word, the repeatability of measurement for high sample concentration is errorless than another low sample concentration. However, one can be clearly noticed under this study that the repeatability of the method obtained using CON (a) and CAR (b) makeup gas were found to be lower than 0.67 of CV-Horwitz (c), implying that the repeatability of the method is categorized acceptable and precise sufficiently [18, 30, 31] . Thus, conducting a set of measurement to obtain a lower %RSD was not needed because the repeatability of the method is sufficient enough [37] . The reproducibility (inter-day precision) refers to the variability results of a repeated measurement that are obtained with the same test method at different and longer periods [36] . In the reproducibility study to evaluate the effect of make-up gas used, the procedure was similar to that of repeatability except the measurement period where a longer period was conducted instead of the same day. In this study, five repeated measurements at different days (1 and 60 days) were conducted and the results are listed in Table 3 . From Table 3 , it can be seen that the %RSD values obtained from the measurement using CON and CAR are less than their corresponding CV Horwitz, implying that the reproducibility met the required criterion [18] . However, the %RSD values of the two make-up gases were found to be different, illustrating that the reproducibility performance (%RSD) of the GC-ECD method is obviously affected by the characteristic of the make-up gas used. Moreover, even though the reproducibility method for CON and CAR (Table 3 ) are acceptable, it was observed that CON make-up gas showed its exceptional reproducibility having the lower %RSD values than the CAR make-up gas. This finding implies that the measurement using CON make-up gas is more reproducible than that of CAR make-up gas. In addition, it is also important to have in mind a concept of fit for the purpose to establish the reproducibility of a GC measurement [30] . Within this concept, controlling the quality of the measurement results is required. Consequently, setting up a control program by using a chart so called the control program chart is important, which remains the most common control program in the area of GC measurement [30, 37] . For the evaluation of the control program, the SF 6 concentration used was of 11.87 nmol·mol -1 . Fig. 3 displays the chart of control program for the measurement obtained at different days using CON (a) and CAR makeup gas (b). As it can be seen in both figures, the control data values (blue circles) in all periods lie within or inside both the warning limit (dot red line) and control limit (dot blue line). This finding implies that the reproducibility of the measurement method is acceptable. On the other hand, once the control data values fall outside the limit a remedial action must be taken so the source of error can be identified and removed [37] .
Accuracy
Accuracy of a measurement method refers to the closeness or the agreement between the measured and an accepted/true value [33, 35] . Practically, the accuracy is a combination of the bias and precision of an analytical procedure [18] . In this SF 6 measurement, the accuracy means the closeness of measured values (known value) of SF 6 in an independent standard cylinder (here in after called SF 6 -independent standard) to SF 6 in a series reference standard cylinders (here in after called SF 6 -reference standards). Taking into account the repeatability results of precision studies of SF 6 -reference standards as discussed above, the accuracy was evaluated against SF 6 -independent standard having the concentration of 159.82 nmol·mol -1 . For the accuracy assessment, the work was conducted by measuring five repeated injection replication of SF 6 -independent standard followed by calculating the bias and precision and the results are tabulated in Table 4 . From the Table 4 , it can be observed that all bias values of SF 6 from the measurement using CON and CAR as the make-up gas fall within -2 σ < ∆ < 2σ. This result indicates that the GC-ECD method using both make-up gas for the SF 6 measurement is accurate because of the given criteria [23] . In a word, no evidence of bias could be found in the method used for the SF 6 measurement, implying that the characteristic of make-up gases had no effect on the method accuracy during the GC-ECD measurement.
Table 3
The %RSD for reproducibility using different make-up gases and their corresponding CV-Horwitz Fig. 3 . The chart of control limit for the measurement of SF 6 standard at concentration of 11.87 nmol·mol -1 using CON (a) and CAR (b) make-up gas. For interpretation of the references to color in the figure, the reader is referred to the web version of the article Table 4 Accuracy of GC-ECD using CON and CAR as the make up gas for the measurement of SF 6 and their corresponding sigma values Note: a All the bias values fall within the acceptance criteria: -2σ < Bias < +2σ.
Linearity
Linearity of a method refers to the ability of the method to demonstrate that the test results are proportional to the concentration of analyte being measured [35] . The linearity of the method at different make-up gases was determined by analyzing five replicates of the SF 6 standard at nine concentration levels ranging from 6.65 to 284.79 nmol·mol -1 . The peak area of each SF 6 standards was then plotted against the concentration of SF 6 to obtain the calibration curve and the result is displayed in Fig. 4 . The statistical evaluation results for the method linearity for both CON and for CAR make-up gases are listed in Table 5 . From Table 5 , it can be found that the correlation coefficient ( R 2 ) for CON make-up gas (R 2 = 0.9940) is slightly lower than that of CAR (R 2 = 0.9994). These results indicate that the linear relationship between the concentration of SF 6 and detector response for GC-ECD measurement using CON as the make-up gas is lower than CAR to some extent.
Detection and Quantitation Limits (LoD and LoQ)
In every analytical measurement, determination of limit of LoD and LoQ is essential to be conducted because usefulness of a measurement may depend on the appropriate determination for both. LoD is referred to the lowest concentration of an analyte in a sample that can be detected, but not necessarily quantified as an exact value under the stated measurement conditions [35] . The concentration of analyte at LoD is only possible to be determined qualitatively. On the other hand, a quantitative analysis is also possible to be performed at the LoD level; however, it may produce an inaccurate result since the uncertainty contribution is larger than the measurement result itself [18] . Moreover, LoQ is referred to the lowest concentration of an analyte in a sample that can be quantified with appropriate precision and accuracy under the stated measurement conditions, meaning that the minimum concentration of analyte in the sample can be reliably determined by conducting the LoQ evaluation [34, 35] . However, a possible high uncertainty associated with the measurement quantification can be obtained when the values obtained is below the LoQ level, resulting an unreliable results of a measurement. LoD and LoQ of SF 6 were determined using a signal to noise (S/N) ratio method [25] . Based on this S/N method the ratio values of LoD and LoQ are 3:1 and 10:1, respectively. LoD and LoQ were determined from 6.65 nmol·mol -1 of the SF 6 standard (as the lowest concentration level among the SF 6 standards used in this study). The calculated LoD and LoQ for the SF 6 measurement using CON as the make-up gas were found to be 0.741 nmol·mol -1 ( n = 5, %RSD = 0.149) and 2.470 nmol·mol -1 ( n = 5, %RSD = 0.149). While the calculated LoD and LoQ for the SF 6 measurement using CAR as the make-up gas are 0.514 nmol·mol -1 ( n = 5, %RSD = 0.155) and 1.714 nmol·mol -1 (n = 5, %RSD = 0.155), respectively. By comparison, the calculated LoD and LoQ using CON are higher than those using CAR make-up gas.
Method Application
The application of GC-ECD method is a subject of great concern in the atmospheric environment science, especially for quantitative measurement of greenhouse gases including SF 6 [9] , N 2 O [15] , hydrofluorocarbons [38] , and (HFCs), and perfluorocarbons (PFCs) [39] . These halogenated greenhouse gases have been listed in the Kyoto Protocol and their concentration in the atmosphere have been significantly increased over the past century. In this study, the application of the method was conducted to assess selectivity performance for the SF 6 measurement (88.49 nmol·mol -1 ) in the presence of other gas components as interferers including CO, CO 2 , CH 4 , O 2 and N 2 in the gas sample mixture. Table 6 tabulates the concentration of each gas component in the gas mixture sample.
The gas mixture sample was injected (five replications) to the GC-ECD under the same operating condition using different make-up gases. Table 7 shows the measurement results for selectivity evaluation. As it can be observed that the measurement results obtained by the method using CON and those determined using CAR are excellent. This finding was expected from the good methodology comparison given by both CON and CAR obtained as previously discussed in Section System Suitability. Nonetheless, one can be clearly identified from this observation that the selectivity of the method for measurement of SF 6 in a gas mixture sample containing other gas components (Table 7) was found to be similar to that of suitability characteristics from the SF 6 standard (Table 2) . Thus, it can be concluded that these measurement results indicated that method is highly suitable for quantitative measurement of SF 6 either in gas standard or gas mixture sample. In general, the measurement method is capable of detecting known and unknown concentration of SF 6 in gas samples and free from interference of other gas components.
Table 5
Linear regression fit data for the measurement of SF 6 using different make-up gases Make-up Table 6 Concentration of each gas component in the gas mixture sample Note: All gas components were simultaneously measured by using GC-TCD except for SF 6 the GC-ECD was used Table 7 Chromatographic parameter for selectivity of the method for measuring SF 6 in the gas mixture sample 
Conclusions
For assessing the use of CON as a make-up gas for the SF 6 measurement using GC-ECD in comparison to that of CAR, the analytic method parameters such as system suitability, precision, accuracy, linearity, and limit of detection and quantification (LoD and LoQ) were considered. Measurement proved the CON make-up gas to be suitable for measurement of SF 6 that is comparable to that of CAR make-up gas. Measurement precision applying the two types of make-up gases (CON and CAR) demonstrated a good degree of repeatability and reproducibility. No bias of the method was found, implying that the GC-ECD method using both make-up gases for the SF 6 measurement are accurate. The CON make-up gas gave a good linearity in the SF 6 concentration ranging from 6.65 to 284.79 nmol·mol -1 and it was comparable to that of CAR make-up gas. Detection limits of SF 6 from CON and CAR were 0.741 and 0.544 nmol·mol -1 , respectively, at 6.65 nmol·mol -1 of the SF 6 standard. Application of CON and CAR for GC-ECD technique shows that those two types of make-up gases have been successfully applied to the measurement of SF 6 in gas sample without interference by other gas components in the sample mixture. Consequently, the assessment results presented under given criteria of this study and method application indicate that CON can be utilized as a make-up gas alternative to CAR for the GC-ECD measurement of SF 6 in a routine analysis.
